ABSTRACT. The skull adaptation was functional-morphologically examined in 14 species of the tree shrews. From the data of the proportion indices, the similarities were confirmed between T. minor and T. gracilis, T. tana and T. dorsalis, and T. longipes and T. glis. We demonstrated that the splanchnocranium was elongated in terrestrial T. tana and T. dorsalis and shortened in arboreal T. minor and T. gracilis from the proportion data. In both dendrogram from the matrix of the Q-mode correlation coefficients and scattergram from the canonical discriminant analysis, the morphological similarities in the skull shape suggested the terrestrial-insectivorous adaptation of T. tana and T. dorsalis, and the arboreal adaptation of T. minor and T. gracilis. Since the osteometrical skull similarities were indicated among the three species of Tupaia by cluster and canonical discriminant analyses, the arbo-terrestrial behavior and its functional-morphological adaptation may be commonly established in T. montana, T. longipes and T. glis.
The arboreal and terrestrial tendencies and the patterns of behavior have been shown in various species of the tree shrews [1, 2, 4, 5, 9, 11] . Since the skulls have been functional-morphologically adapted to each style of locomotion, we previously examined the 4 species of Tupaia, and suggested that T. tana, T. javanica and T. minor have evolved different behaviors [7] . Using the skull specimens of 14 species of Scandentia, we compared the skull size and shape among the species to confirm the relationships between the skull characteristics and the locomotion strategies [8] .
Although we compared the measurement data among the species and applied the principal component analysis to the osteometrical data to discuss the adaptational patterns of skull form [8] , the skull proportion indices should be actually obtained and the similarities of skull shape among tree shrews should be quantitatively examined to elucidate the morphological adaptation in various types of skull form in these tree shrews.
MATERIALS AND METHODS
We examined 337 skulls of 14 species of the tree shrew (Tupaia montana, T [8] . The specimens have been stored in Muséum National d'Histoire Naturelle (Paris, France), the Mammal Division of the Smithsonian Institution (Washington DC, U.S.A.), The University Museum, Kyoto University (Kyoto, Japan), the Raffles Museum of Biodiversity Research, National University of Singapore (Singapore), the Department of Wildlife and National Parks (Kuala Lumpur, Malaysia), and Bogor Zoological Museum (Bogor, Indonesia). Since T. mulleri has been considered as a subspecies of T. splendidula [10] , we included T. mulleri to T. splendidula in the statistical analyses. Sex determination was dependent on the biological data of specimens. We used adult skull specimens with fully erupted molars.
. picta, T. splendidula, T. mulleri, T. longipes, T. glis, T. javanica, T. minor, T. gracilis, T. dorsalis, T. tana, Dendrogale melanura, D. murina, and Ptilocercus lowii)
Species composition, origin, and sex are shown in Table  1 . Skull measurements were obtained with vernier calipers to the nearest 0.05 mm. Measurements are defined in Table  2 , and were based on Driesch [3] . In the present analysis we used the same osteometrical data as those in the previous study [8] . The mean measurement values were shown in each species [8] . The skull proportion indices were obtained as quotients of each measurement value divided by the geometric mean of all measurement values. The significant differences of proportion indices were examined among various species by nonparametric U-test using software Statistica (Statsoft Inc., Tokyo, Japan).
The clustering was performed by UPGMA method for the distance matrix converted from the matrix of the Q-mode correlation coefficients to avoid loss of information [12] . We did not use the measurement raw data but the proportion indices in this cluster analysis. The distance matrix and the dendrogram between species were obtained using the software Statistica. The canonical discriminant analysis was also undertaken in each species using the proportion indices. The first two canonical discriminant functions were calculated and their scores were plotted using the software Statistica. We also applied another canonical discriminant analysis to the osteometrical data of the species excluding D. melanura, D. murina, P. lowii, T. tana and T. dorsalis to detail the morphological similarities among the typical arbo-terrestrial Tupaia species. List of measurements and their abbreviations are summarized in Table 2 .
RESULTS
The proportion indices are arranged in Table 3 , and the relationships of the proportion indices between PL and SL are shown in Fig. 1 . The significant differences are shown among species in Table 4 . The significant differences were not found in many measurements between T. minor and T. gracilis, T. tana and T. dorsalis, and T. longipes and T. glis (Tables 3 and 4 ). The indices in the two species of Dendrogale were similar in many measurements. The index of SL clearly demonstrated that the face and splanchnocranium were rostro-caudally elongated in terrestrial T. tana and T. dorsalis and shortened in arboreal T. minor, T. gracilis and P. lowii (Fig. 1) . The PL and CL in the two arboreal species, T. minor and T. gracilis, were relatively smaller ( Fig. 1) , although the significant differences were not clearly shown between the arboreal and arbo-terrestrial Tupaia species. The results of the discriminant analysis were visualized (Fig. 3 , Table 6 ). The pattern of plots was not demonstrably different between sexes. The plots of T. tana and T. dorsalis and those of T. minor and T. gracilis were concentrated. P. lowii was separated from the other species in plot distribution.
We also showed the plots of the individual discriminant scores and the discriminant functions using the osteometrical data in each species except D. melanura, D. murina, P. lowii, T. tana and T. dorsalis (Fig. 4, Table 7 ), since we could not clarify the plot distribution in the typical arbo-terrestrial species at the chart scale of Fig. 3 . The plot distribution of T. montana, T. glis and T. longipes showed the species-specific tendency at the higher scale of chart (Fig.  4) , although the plot areas were adjacently located among the three species. The plots of T. minor, T. gracilis and T. javanica were concentrated into the three groups separated from the other species (Fig. 4) , although the plot areas of the three species were partially overlapped in male.
DISCUSSION
We pointed out that the five groups of skull adaptation pattern have been established in these tree shrews [8] . In addition, the separation of eight groups was obviously visualized in the principal component charts [8] , and it was consistent with the locomotion strategies in these species. In this study we demonstrated that the proportional similarities without size factor were confirmed between the arboreal The measurement items were based on Driesch [3] .
species, T. minor and T. gracilis, D. melanura and D. murina, and between the completely terrestrial species, T. tana and T. dorsalis.
The similarities between T. minor and T. gracilis, and T. tana and T. dorsalis were also established in the dendrograms from Q-mode correlation coefficients ( Fig. 2) as The mean values of proportion indices are arranged in the upper row, while the standard deviations in the lower row. shown in description data and photographs [1, 7] . The instable results on T. splendidula may be due to the small sample size in this species. The small cluster that consisted of T. minor and T. gracilis was present in the large cluster including Dendrogale and Ptilocercus. Although the genetic distance has not been reported among these species, we noticed that the adaptational similarities were confirmed among T. minor, T. gracilis, D. melanura, D. murina and P. lowii as suggested in the previous works [1, 2, 11] .
T. tana and T. dorsalis were similar in the indices of many measurements (Tables 3 and 4) . We suggest that the two species showed the adaptational convergence, since both species are dependent on termites and ants on the soil surface [5] , and extended the splanchnocranium and dental row to search insects by using their long nose. We also suggest that the elongated nose area may contribute to the olfactory function in the two terrestrial species. In addition, the index of LBO is fundamentally related to binocular visual sense in arboreal behavior [6] and becomes generally smaller in arboreal species than in terrestrial T. tana and T. dorsalis. However, in the tree shrews, the LBO index was larger in T. minor, T. gracilis, D. melanura and D. murina, than in the terrestrial species. Since the terrestrial life requires the insect-searching behavior and rostro-caudal elongation of the skull in case of tree shrews [5, 8] , we suggest that, as a result, the proportion index of LBO has not become smaller in the arboreal species than in T. tana and T. dorsalis with long face. Each value indicates the limit percentage in which the significant differences are confirmed between the two species.
In the Fig. 4 we suggest that the similar arbo-terrestrial adaptation may be shown among T. montana, T. longipes and T. glis. However, we conclude that the three species also indicated the morphological identity as an independent species in skull proportion from the charts. Its functionalmorphological and adaptational factors have remained unclear, although the similarities among T. javanica and T. minor-T. gracilis were shown in the skull shape at chart scale of Fig. 4 . We think that T. javanica may be highly adapted to arboreal life in comparison with the arbo-terrestrial species, T. montana, T. longipes and T. glis.
The molecular genetic works will be carried out to clarify the phylogenetic relationships among the tree shrew species and will contribute to the functional-morphological explanations of the adapatational characters in the skull of various species. Table 5 . Symbols are explained in the legend of Fig. 1 . 
